The presence and absence of 37 Cyperaceae species found on 498 peatlands across Canada were examined along surface water chemistry, shade, height above the water table, and climatic gradients. A canonical correspondence analysis of the species distribution along the environmental gradients indicated that surface water chemistry and climate were highly correlated with the first and second axes and were the two most important gradients distinguishing among groups. The climatic gradient was further subdivided into western oceanic continental and eastern oceanic continental gradients. Height above the water table and shade were correlated to the third canonical correspondence analysis axis and were of secondary importance in explaining species distributions. A TWINSPAN analysis of the species separated them into eight groups: (1) widespread, obligate rich fen, wet, shade-tolerant species; (2) widespread rich fen preferential species; (3) continental and eastern oceanic, rich fen preferential, wet, shade-intolerant species; (4) widespread fen, wet, shade-intolerant species; (5) widespread bog or fen, shade-tolerant species; (6) widespread subcontinental and oceanic, bog or fen, shade-intolerant species; (7) eastern subcontinental and oceanic, poor fen preferential species; (8) western oceanic, bog and poor fen preferential, shade-intolerant species. Response surfaces were generated by quantifying the frequency of occurrence of representative species in each group along pH and height above the water table, shade and mean annual temperature, and mean annual total precipitation gradients. Frequency of occurrence values for several of the rarer species indicated that they were not limited by the number of suitable habitats analyzed in this study but by other factors such as competition, failure to establish, or dispersal. This study emphasizes the importance of habitat and climate in determining the local and regional diversity and distribution of the most common Cyperaceae on peatlands in Canada.
Introduction
The Cyperaceae occur in a wide variety of habitats within their distribution range, and several species may be found in each habitat (Bernard 1990; Busch and Losch 1999) . Moreover, they are often an important component of plant diversity in otherwise relatively depauperate plant communities. In some wetlands or communities, Cyperaceae dominate extensive areas (Vitt and Slack 1975) . However, despite their exceptional diversity and abundance in wetlands in general and peatlands in particular, the Cyperaceae, as a group, have received relatively little attention in the ecological literature of North America. We present a detailed analysis of the habitats of 37 of the more common species of Cyperaceae found in peatlands of Canada.
The Cyperaceae are probably the seventh largest family of vascular plants with ca. 4500-5000 species in about 100 genera (Reznicek 1990 ). There is strong evidence that they evolved as forest-floor plants and subsequently spread into open habitats (Ball 1990) . Carex, with about 2000 species, is by far the largest genus in the Cyperaceae and one of the most widespread and ecologically important genera of vascular plants (Bernard 1990) . Carex is cosmopolitan in distribution, but the great majority of species are found in the north and south temperate, boreal, and arctic regions and the montane tropics (Reznicek 1990 ). The geographic distribution of peatlands is coincidentally very similar to the distribution of most Carex species (Gignac 1993) . Approximately 500 species are found in North America.
Four main environmental gradients are responsible for the distribution of peatland plants: (1) surface water chemistry; (2) height of the peat surface relative to the water table; (3) shade; and (4) distance from the peatland margin (Sjörs 1952 (Sjörs , 1963 Vitt et al. 1975a; Vitt and Slack 1975; Slack et al. 1980; Gignac and Vitt 1990; Økland 1990; Bragazza 1999; Campbell and Rochefort 2001) . The distance from the margin gradient is complex and involves several factors such as greater fluctuations of the water table in the margin, higher availability of nutrients in the margin, and generally higher overstory cover and thus deeper shade in the margin (Bragazza 1999) .
Descriptions of the habitat niches of many peatland sedges are often found in papers that describe mire plant communities. Only a few studies have focused specifically on the ecology of peatland Cyperaceae in general, or Carices in particular, in North America (Damman 1964; Wheeler et al. 1983; Anderson et al. 1996) . However, the geographic scale in those studies is confined to a single province or state. As a result, the ecology of only a relatively limited number of species is analyzed, and the climatic and geographic distribution of most of those species is often truncated.
Our objectives were to: (1) characterize the habitats of peatland Cyperaceae across Canada; (2) identify groups of cooccurring species that have similar ecological requirements; (3) describe the environmental gradients that determine the distribution of species and groups; and (4) characterize species distributions along the most important climatic and ecological gradients.
Methods

Study sites
The abundance of vascular plants, bryophytes, and lichens was measured on 498 peatlands located in all regions of Canada except for Newfoundland, Nova Scotia, the northern limit of peatland distribution in Québec, Ontario, and the eastern Northwest Territories, and the southern limit in Ontario (Fig. 1) . With the exception of 11 peatlands at five different locations in northeastern Manitoba, all sites were within 100 km of a permanent weather station in topographically homogeneous terrain or within 50 km in more heterogeneous terrain. In Canada, peatlands are defined as wetlands having a minimum accumulation of 40 cm of peat and a water table that is close to or above the peat surface (Zoltai 1988) . According to that definition, the sites studied here were peatlands that can be classified as either bogs or fens. Data were collected from several sources that employed either quadrats or relevés to quantify species abundance (Table 1) . At least one relevé or several quadrats were studied on each peatland.
Vegetation sampling
The presence of Cyperaceae species was noted for each quadrat or relevé. Quadrat size and sampling design varied as follows: randomly placed quadrats (25 cm × 25 cm) along a transect bisecting each plant community on a peatland (restricted random) Chee and Vitt 1989) ; 0.5-m 2 circular restricted random (Nicholson et al. 1996 ; L.D. Gignac, unpublished data; L. Rochefort, unpublished data); 50 cm × 50 cm restricted random (Bubier et al. 1993; Bubier 1995) . Relevé sizes and their sampling designs also varied: systematic by peatland (S.C. Zoltai and J.D. Johnson, unpublished data) and systematic by plant community within a peatland (Gauthier 1980) . Of the Cyperaceae species found on the peatlands, only species that were found on three different peatlands and on seven different relevés or quadrats were retained in this study. With the exception of Carex sitchensis Prescott ex Bong (Douglas et al. 2001 
Environmental variables
The macroclimate was quantified for each peatland based on meteorological data averaged over 30-year means between 1951 (Canadian Climate Program 1982a , 1982b and obtained from the nearest permanent weather stations in proximity to each study site. Data for the 11 peatlands in northeastern Manitoba that were not within 100 km of a permanent weather station were generated by interpolating between data obtained from weather stations directly to the north at Churchill and directly to the south at Bird. This method provided relatively accurate data, since all 11 peatlands were located on the Hudson Bay Lowlands, where the terrain is topographically homogeneous (Bostock 1970) . The following climatic variables were used: mean annual temperature (MAT), mean annual total precipitation (MATP), mean annual total rainfall (MATR), and length of the growing season (GS) calculated for a 2°C threshold.
The MAT gradient was divided as follows: <-6°C, subarctic; -6 to 4°C, boreal; >4°C, temperate (Tuhkanen 1984) . The MATP gradient was converted to a log scale and divided as follows: <6 (400) mm, continental; 6-6.5 (600) mm, subcontinental; 6.5-7.0 (1000) mm, suboceanic; 7.0-7.5 (2000) mm, oceanic; >7.5 mm, hyperoceanic (Tuhkanen 1984) .
Water samples were collected from each site, either from surface water or, where surface water was not available, from shallow pits dug in the peat surface. Conductivity and pH were measured in situ or shortly after sampling. Conductivity (k corr ) was corrected to 20°C and for H + ions (Sjörs 1952) . Ca 2+ concentrations were measured in each water sample either on an atomic absorption spectrophotometer or on an inductively coupled argon plasma spectrophotometer. The pH gradient was divided as follows: 3.0-4.2, bog and extreme-poor fen; 4.2-4.8, extreme-poor fen and poor fen; 4.8-5.2, poor fen and moderate-poor fen; 5.2-5.6, moderatepoor fen; 5.6-7.0, moderate-rich fen; >7.0, extreme-rich fen (Sjörs 1952) .
The mean height of the peat surface relative to the water table was determined for each quadrat or relevé. With the exception of the data obtained from Gauthier (1980) , , and Chee and Vitt (1989) , height measurements were taken directly by measuring the distance from the peat surface to the water table. For the remaining data, height measurements were estimated indirectly using the abundance of bryophyte species. The percent cover of each bryophyte species found on a quadrat and relevé was multiplied by each species' mean height above the water table, which was calculated from a large peatland database for North America (Gignac et al. 2000) . The mean height of the water table above the peat surface for a quadrat or relevé was calculated as a weighted mean of all bryophyte species found on it. Similar methods have been used to reconstruct environmental conditions on peatlands in the past using bryophyte macrofossil abundance data obtained from peat cores (Kuhry et al. 1993; Bauer et al. 2003) . The height gradient was divided as follows: <0 cm, emergent; 0-10 cm, carpet; 10-20 cm, lawn; 20-60 cm, low hummock; >60 cm, tall hummocks and peat plateaus (Vitt et al. 1975a Damman 1980) . Shade was measured as percent overstory cover of trees and tall shrubs for each relevé or quadrat. Species' relative tolerance along the shade gradient were identified by the following threshold levels: species found only on quadrats or relevés having <15% cover, very intolerant; <30% cover, intolerant; <70% cover, intermediate; <85% cover, tolerant; >85% cover, very tolerant (Smith 1996) .
Data analyses
The presence and absence of the 37 Cyperaceae species on each peatland was subjected to a TWINSPAN analysis, a divisive hierarchical method that divides species and stands into groups (Hill 1979) . Presence and absence data and environmental variables were ordinated simultaneously using a canonical correspondence analysis (CCA) (ter Braak 1987). Two-dimensional response surfaces were generated in climatic space along MAT and MATP and in ecological space along pH and height above the water table gradients. Linear response surfaces were produced along the shade gradient. Response surfaces were generated by dividing the range of values for each gradient into equidistant points (Gignac et al. 1991) . When two gradients were used, this produced a twodimensional grid of points, where values along each gradient met to produce nodes. For example, values on the pH gradient ranged between 8 and 3, and this gradient was divided by increments of 0.5, whereas the height above the water table gradient extended between -20 and 140 cm and was divided by increments of 10 cm. When the two gradients were used to generate a response surface, a grid node was produced wherever increment values for both gradients met. Thus, at pH 5.5 a grid node would be formed at heights of −20 cm, -10 cm, 0 cm, and so on up to 140 cm.
Frequencies of occurrence along the pH gradient (rounded to the nearest 0.5) and height above the water table gradient (rounded to the nearest 10 cm) were calculated as the number of relevés and quadrats on which a species was found at a grid node divided by the total number of relevés and quadrats found at that node. For example, if a species was found four times on quadrats and relevés that were identified by a grid node having pH 5 and height above the water table of 20 cm and there were 20 quadrats or relevés that had the same pH and height values, the frequency of occurrence of the species at the grid node was 0.20. A frequency of occurrence value was then recalculated for each node using distance-weighted means. This procedure used all values within three grid nodes of a selected node, and the mean was calculated such that values further from the node carried less weight than those that were closer (see Gignac et al. 1991 for computational details). That procedure generated estimated frequency of occurrence values for grid nodes that did not have data because of gaps in the sampling and also smoothed the data between adjacent nodes. The procedure also extrapolated species ranges by one grid node. Frequency of occurrence values along the shade gradient (rounded to the nearest 10%) were calculated as the number of quadrats on which a species was present for a shade value divided by the total number of quadrats and relevés that had the same shade value. Frequency of occurrence values for each species along the MAT (rounded to the nearest 2°C) and log(MATP) (rounded to the nearest 0.25 mm) gradients were calculated as the number of peatlands on which it occurred divided by the total number of peatlands found at the same grid node. Response surfaces were illustrated only for representatives of ecologically related species within each TWINSPAN group. Ecologically related species had similar ranges along all gradients, and representative species were selected from among related species, because their estimated (smoothed) frequency of occurrence values were closest to the observed values.
The statistical analysis system (SAS) was used for all computations and statistical analyses. Three-dimensional response surfaces were graphed using Proc G3D from SAS graph. TWINSPAN and CCA were done through PC-ORD version 4 (McCune and Mefford 1999).
Results
Environmental gradients
Height above the water table varied between -12 and 170 cm and covered the full range of habitat classes from submerged to tall hummock and peat plateau ( Table 2 ). The height gradient was significantly positively correlated with the shade gradient and significantly negatively correlated with the three water chemistry gradients (Table 3) . Percent overstory cover (shade) ranged between 0% and 100% and was also significantly correlated with the three water chemistry variables as well as MATP, MATR, and GS (Table 3) . pH varied between 3.5 and 8.3 and covered the complete range of peatland types from bogs to extreme-rich fens. All three water chemistry gradients had wide ranges and were highly significantly correlated with each other. The MAT gradient ranged from low subarctic to cool temperate, while the MATP and MATR gradients ranged from continental to hyperoceanic. The four climatic variables were highly significantly correlated with each other.
Axis 1 of the CCA ordination of the 498 peatlands along with the environmental variables had an eigenvalue of 0.581 and explained 26.3% of the variation (Fig. 2) . Axes 2 and 3 had eigenvalues of 0.468 and 0.452 and accounted for 14.4% and 12.5% of the variation, respectively. The water chemistry and climatic variables were negatively (p < 0.001) and positively (p < 0.001) correlated, respectively, with the first axis. The climatic gradients were also positively correlated (p < 0.001) with the second axis, while the height and shade gradients were positively correlated (p < 0.001) with the third axis. Thus, hyperoceanic temperate sites were found in the upper right corner, while continental subarctic sites were found in the lower left corner of the ordination space that was delimited by axes 1 and 2 (Fig. 2a) . In both ordination spaces (axes 1 and 2 and axes 1 and 3), bogs were on the Figs. 2a and 2b ). In the ordination space bounded by axes 1 and 3, wet sunny sites are found at the bottom of the ordination, while dry shaded sites were found at the top (Fig. 2b) . The distribution of sites within the ordination of axes 1 and 2 revealed a sampling gap along the climatic gradient that appeared to occur in oceanic areas (Fig. 2a) . However, sites were relatively evenly distributed along the water chemistry gradient. Sites were also relatively evenly distributed along the height above the water table and shade gradients.
Species distribution
Of the 70 Cyperaceae species encountered, only 37 had sufficient data to permit a detailed analysis of their habitat preferences. The majority of excluded species were found in swamps, marshes, or wet meadows rather than in bogs and rich fens, and most of the remainder had subarctic and arctic distributions. Among the 37 species examined, C. aquatilis, Carex limosa, and Eriophorum vaginatum were the most common (>400 of the 2117 quadrats or relevés) (Table 4 ). Both C. aquatilis and C. limosa had relatively wide ranges along the climatic gradients, while E. vaginatum had narrower ranges and was found in drier and warmer areas. Four species, Carex chordorrhiza Ehrh. ex Lf., Carex lasiocarpa Ehrh. (sensu stricto), Carex oligosperma Michx., and Scirpus cespitosus L. were found on between 200 and 300 relevés or quadrats. Carex chordorrhiza and C. lasiocarpa had relatively narrow ranges along the MAT and MATP gradients and were found in colder and drier areas than either C. oligosperma and S. cespitosus. Carex angustior Mackenz., Carex brunnescens (Pers.) Poir., Carex michauxiana Boeckl., Carex stricta Lam., and Eriophorum tenellum Nutt. were the least abundant of the species studied and, with the exception of the shade gradient, had narrow ranges along all gradients. Most species had relatively wide ranges along the three water chemistry gradients (Table 5 ). Among species that had relatively narrow ranges were the following: C. angustior, Carex capitata L., C. michauxiana, Carex prairea Dew. ex A.W. Wood, C. stricta, and E. tenellum. Maximum values for C. angustior, C. michauxiana, C. stricta, and E. tenellum were less than 5.9 along the pH gradient, while minimum values for C. capitata and C. prairea were above 5.8.
The TWINSPAN analysis separated the 37 species into eight groups (Fig. 3) . Eigenvalues for each division ranged between 0.512 and 0.34. Groups 1 and 8 contained only Carex species, while Group 4 contained several Eriophorum species. Groups 1, 2, 4, and 7 contained more than 6 species each and accounted for the majority of the 37 species analyzed. Group 3 had the fewest species.
The ordination of the species groups identified by TWINSPAN showed that groups 1 through 7 were arranged in increasing order along the water chemistry gradient starting with species found on more alkaline sites along axis 1 (Fig. 4a) . There was some overlap along axis 1 between groups 4 and 5, groups 5 and 6, and groups 6 and 7 (Fig. 4b) . All of those groups were found on more acidic sites. However, the second axis, which was associated with the climatic gradient, separated group 4 from group 5 and group 6 from groups 5 and 7. Species in groups 4 and 6 were found on warmer and wetter sites than those in groups 5 and 7. Species in group 8 were completely isolated from all other species along axis 2 and were found in temperate hyperoceanic areas.
Species response surfaces
The frequencies of occurrence of the three representatives and their ecologically related species (in parentheses) that were analyzed in ecological and climatic space for TWINSPAN group 1 were the following: Carex vaginata Tausch (Carex diandra Schrank and C. capitata); Carex gynocrates Wormsk. ex Drej. (Carex interior Bailey); C. prairea. Species in this group had relatively narrow ranges along the pH gradient (Fig. 5) . They reached their maximum frequency of occurrence at pH values >6 and, with the exception of C. capitata (not illustrated), between −5 and 30 cm above the water table. Carex capitata was found slightly higher above the water table. Generally, these species were not found in deep shade (>80%). With the ex- ception of C. prairea, they were found in areas where the temperature was between 6 and -10°C and log(MATP) was <7 mm. Carex prairea occupied a much narrower range along both the temperature and precipitation gradients.
Representative species for group 2 were the following: C. chordorrhiza (Eriophorum gracile W.D.J. Koch), Carex disperma Dew. (Carex tenuiflora Wahlenb.), and C. lasiocarpa (Carex leptalea Wahlenb.). Species in this group had broader ranges along the pH gradient than those in group 1. They were found in peatlands where the pH was below 5 (Fig. 6) . However, all species attained their maximum frequency of occurrence at pH ranges >6 and were found growing on peat that was below the surface of the water. Three species, C. chordorrhiza (E. gracile) and C. lasiocarpa, reached their maximum frequency of occurrence below the surface of the water, while C. disperma (C. tenuiflora) achieved their maximum between 20 and 40 cm above the water table. Carex leptalea was intermediate between both those groups and reached its maximum between 0 and 20 cm. With the exception of C. disperma and C. leptalea, species in this group did not commonly occur in deep shade. Carex disperma (C. tenuiflora) were found at temperatures between 6 and -6°C and log(MATP) values between 5.5 and 7.0 mm, while the ranges for C. chordorrhiza (E. gracile) and C. lasiocarpa along the MAT gradient extended to -10°C. The ranges of C. lasiocarpa and C. leptalea along the MAT gradient extended to 10°C and to log(MATP) values of 8 mm.
The two species in group 3 occupied wide ranges along the pH gradient (Fig. 7) . Both species were found growing in peat that was below the surface water, but C. aquatilis reached its maximum frequency of occurrence at 10 cm above the peat surface. Neither species was commonly found in heavily shaded areas. The climatic range of both species extended from -10 to 6°C along the MAT gradient. Carex aquatilis had a slightly wider range along the precipitation gradient than did Scirpus hudsonianus (Michx.) Fern.
The habitat niches of three representative species in group 4, C. limosa (Eriophorum virginicum L.), Carex livida (Wahlenb.) Willd. (Carex utriculata Boott and Eriophorum chamissonis C.A. Meyer), and Eriophorum angustifolium Honck., are illustrated in Fig. 8 . Species in this group were widespread along the pH gradient but, with the exception of C. livida, they were found relatively more frequently on peatlands that had pH values <5 than those previously described for the other groups. They all had relatively wide ranges along the height above the water table gradient and were found growing on peat that was below the surface water. With the exception of E. angustifolium, they reached their maximum frequency of occurrence below the water surface, but were also found up to 80 cm above the water table and were not commonly found in areas that have >50% shade. Eriophorum angustifolium was found more frequently between 30 and 40 cm above the water table and in shaded habitats. Species ranges extended to all values along the MATP gradient and between -10 and 10°C along the MAT gradient.
The representative species for group 5 were Carex magellanica Lam. = Carex paupercula Michx. (Carex canescens L.) and E. vaginatum (C. brunnescens) (Fig. 9) . Species in this group also had wide ranges along the pH gradient, but they were more commonly found on peatlands that had pH values <6 than on sites that had values >6. Although they were all found in areas where the peat was below the surface of the water, they reached their maximum frequency of occurrence between 10 and 40 cm above the water table.
Eriophorum vaginatum had the widest range along the height gradient and was found up to 1 m above the surface water. Eriophorum vaginatum (C. brunnescens) were more commonly found in heavily shaded rather than sunny areas, while C. magellanica (C. canescens) were more commonly found in less-shaded areas. Species ranges along the log(MATP) gradient extended from 5.25 to 7.75 mm. With the exception of E. vaginatum, species in this group ranged between -6 and 8°C. The range for E. vaginatum extended to slightly colder temperatures. Species in group 6 had wide ranges along the pH gradient (Fig. 10) . All of the species reached their maximum frequency of occurrence at values between 5 and 5.5, but both S. cespitosus and Rhyncospora alba (L.) Vahl were commonly found on peatlands that had pH values >6.5. All three species in this group also commonly occurred on sites that had pH values below 4.5. They were found on peat that was at or below the surface water, but they had different ranges along the microtopography gradient. Rhyncospora alba had the narrowest range and was generally found between -10 and 20 cm above the water level. Carex pauciflora was more commonly found between 0 and 50 cm above the water, while S. cespitosus had a relatively wide range and was found between -20 and 80 cm above the water. The three species in this group were rarely found in areas where the shade was >70%. Scirpus cespitosus had the widest range of the three species along the log(MATP) gradient and was found between 6 and 8.25 mm. The remaining species were found between 6.25 and 8.25 mm. The ranges of both S. cespitosus and C. pauciflora were found between -4 and 10°C, while R. alba was found between -2 and 10°C.
The five representative species for group 7 were the following: Carex exilis Dew. (C. angustior, C. michauxiana, and E. tenellum), C. oligosperma, and Carex trisperma Dew. (C. stricta). The seven species in this group were found on peatlands having pH values >6, but all of them reached their maximum frequency of occurrence at pH values equal to or less than 5 (Fig. 11) . They occupied widely different ranges above the water table. Carex exilis (C. angustior, C. michauxiana, and E. tenellum) reached their maximum frequency of occurrence between 0 and 5 cm above the water table and had narrow ranges along the height gradient. Carex oligosperma had a wider range but was most commonly found on peat that was below the surface water level. Carex stricta also had a relatively wide range along the height gradient but reached its maximum frequency of occurrence between 20 and 30 cm. Carex trisperma had an exceptionally wide range along the height gradient and was generally found on the highest hummocks on peatlands. Carex exilis (C. angustior, C. michauxiana, and E. tenellum) were not commonly found in areas that had >60% shade. Carex trisperma on the contrary was found almost exclusively in shaded areas.
The representative species for group 8 were C. sitchensis (C. pluriflora and Carex saxatilis L.) (Fig. 13) . The three species in this group had relatively wide ranges along the pH gradient and they reached their highest frequency of occurrence at values <5.5. The ranges of C. saxatilis and C. sitchensis along the height gradient extended below the surface water but reached their greatest frequency of occurrence between 10 and 30 cm above the water table. Carex pluriflora was found at higher elevations along the microtopographical gradient, and its maximum frequency of occurrence was between 30 and 60 cm above the water table. None of the species were found in habitats that had >60% shade, and only C. pluriflora was found in areas having >40% shade. All three species were restricted to areas where the temperature was >4°C and log(MATP) values >7.
Values of maximum frequency of occurrence for several species were very low (<0.1), particularly along the shade gradient. Several species including C. prairea and C. vaginata (Fig. 5) as well as C. angustior, C. brunnescens, C. michauxiana, C. stricta, and E. tenellum, which are not illustrated, had low maximum frequency of occurrence values along all gradients. Carex sitchensis (Fig. 12) as well as C. pluriflora and C. saxatilis had low maximum frequency of occurrence values on the shade, height, and pH gradients but not along the climatic gradients.
Discussion
Environmental gradients
Climate and surface water chemistry were primarily responsible for the distribution of Cyperaceae on peatlands in Canada, since they were both highly correlated with the first CCA axis (Fig. 2a) . Height above the water table and shade played a secondary role in the distribution of the 37 species that were analyzed, since they were significantly correlated with the third axis.
The climatic gradient covered the full range of values from continental to hyperoceanic and from temperate to subarctic. However, the CCA analysis of the sites (Fig. 2a) indicated a gap in the distribution between hyperoceanic and oceanic sites. This gap was an artifact of the geographic distribution of the study sites. This gradient was in fact two gradients and not one. There was a Pacific coastal gradient from temperate hyperoceanic to subarctic continental and an Atlantic coastal gradient from temperate oceanic to subarctic continental. Since the gradient between the hyperoceanic Pa- cific Coast and the continental prairies was steep and topographically very heterogeneous, few sites were located in Pacific oceanic and suboceanic temperate areas (Gignac et al. 2000) . Thus, Pacific coastal sites were isolated on the CCA ordination. As a result, the variables affecting the CCA ordination were redrawn to show a geographic as well as a climatic distribution (Fig. 13) . The geographic distribution separated Pacific coastal hyperoceanic and oceanic sites from Atlantic coastal oceanic sites, and it became clear that the gap in the distribution of the sites was caused by a lack of Pacific oceanic and suboceanic sites.
The water chemistry gradient from acidic bog to alkaline extreme-rich fen was extensively surveyed. Although there were no gaps in the sampling of this gradient, the distribution of sites was significantly negatively correlated with the climatic (geographic) gradient (Table 3 ). There were many extreme-rich fens in continental subarctic and boreal areas ) and very few in hyperoceanic and oceanic temperate areas (Banner et al. 1988; Wells and Hirvonen 1988) . Water chemistry in fens is related to the buffering capacity of the mineral soil through which the ground water flows. In western continental areas, the mineral soil is mostly sedimentary and contains a relatively high concentration of bases, while in eastern boreal regions and coastal areas the bedrock is mostly granite (Bostock 1970) , and water flowing over that substrate contains low concentrations of buffers and can thus easily become more acidic as a result of the acidifying properties of Sphagnum mosses. As a result, there was also a geographic rather than a climatic component to the distribution of the different peatland types.
Although the mineral soil in continental areas was circumneutral or alkaline, bogs and poor fens may form in recharge areas along drainage divides or as islands in rich fens (Kuhry et al. 1993 ). The height above the water table and shade gradients were highly positively correlated, indicating that wetter sites were generally open and drier sites were treed. Both gradients were negatively correlated with the water chemistry gradient. Thus, extreme-rich fens had relatively high water tables and were open when compared with bogs, particularly in continental areas, since the peat surface in bogs was elevated above the water table, thus creating drier conditions suitable for tree growth (Glaser and Janssens 1986; Zoltai et al. 1988 ). The shade gradient was also negatively correlated with the climatic gradient. Therefore, oceanic and hyperoceanic peatlands were generally open, while continental sites, with the exception of extreme-rich, moderate-rich fens, and some poor fens, were treed. The shade gradient was thus related to the climatic gradient.
Species habitat niches
Group 1 was composed of species that were restricted to rich fens (Fig. 5) , and several species in this group were considered to be rich-fen indicators in the Hudson Bay Lowlands (Sjörs 1963) , Minnesota (Wheeler et al. 1983) , Newfoundland (Damman 1964) , and Maine (Anderson et al. 1996) . These calciphiles were found relatively close to the water table in such wet habitats as emergent, carpet, and lawn communities and were, with the exception of C. prairea, shade tolerant. All species appeared to be confined to continental, subcontinental, and suboceanic areas and absent from temperate regions. However, this relatively narrow climatic range was misleading, since they have been found in eastern North America in temperate and oceanic conditions (Crow and Hellquist 2000) . The climatic distribution observed in this study was due to scarcity of rich-fen study sites in eastern Canada and along the Pacific Coast. All species in this group had a widespread climatic distribution. Members of group 1 can thus be labeled as widespread, obligate rich-fen, wet, shade-tolerant species.
Species in groups 2, 3, 4, 5, and 6 were mostly found in fens. However, species within each group were generally separated from those in other groups along the pH gradient by their frequency of occurrence in poor-fen habitats (pH < 5.0). Species in groups 2 and 3 were infrequently found in poor fens (Fig. 6 ), but the frequency of occurrence of species in each subsequent group in those habitats gradually increased up to group 6 (Fig. 10) .
Species in group 2 had a marked preference for rich fens, since their maximum frequency of occurrence was found at pH values of 6 or greater (Fig. 6 ). They were found along a wide range of habitats on the depth to the water table gradient from emergent to low hummock. However, none were found on tall hummocks. These results were consistent with those of Wheeler et al. (1983) , who found C. chordorrhiza, C. lasiocarpa, and C. tenuiflora in all habitats along the pH gradient, with the exception of bogs and extreme-poor fens. However, Wheeler et al. (1983) found C. disperma and C. leptalea in rich fens exclusively, whereas in the present study their range extended into moderate-poor fens. Several species including C. chordorrhiza, C. lasiocarpa, and E. gracile were found most frequently in the wettest environments and were rarely found on low hummocks. Thus, group 2 was composed of species that were widespread and rich-fen preferential.
Species in groups 2 and 3 were ecologically closely related, as indicated by the TWINSPAN division that separated them (Fig. 3) . The distinguishing feature between both groups was that members of group 2 had wider ranges along the climatic and pH gradients than species in group 3. Species in group 3 were not found in hyperoceanic areas along the Pacific Coast, while the ranges for all species in group 2 extended to that region. Both species in group 3 were found more frequently in poor-fen habitats than species in group 2. In fact, in some regions of eastern Canada, C. aquatilis was even considered to be poor-fen preferential (Gérardin and Grondin 1984) . However, when peatlands across Canada were considered, C. aquatilis was definitely more commonly found on rich fens than on poor fens. Both species in group sults from other studies (Sjörs 1963; Wells 1981; Wheeler et al. 1983; Banner et al. 1988; Anderson et al. 1996) . Group 4 members can thus be labeled as widespread, fen, wet, shadeintolerant species.
With the exception of C. pauciflora, the frequency of occurrence of species in groups 5 (Fig. 10) and 6 (Fig. 10) showed no preference for either bog or rich-fen habitats. In this study, C. pauciflora showed a slight preference for poorfen habitats but was also common on bogs. Elsewhere, this species was found on poor fens in the Hudson Bay Lowlands (Sjörs 1963) , Alberta (Vitt et al. 1975b) , and Minnesota (Wheeler et al. 1983 ) and on flat and raised bogs in coastal British Columbia (Banner et al. 1988) .
Species in group 5 reached their maximum frequency of occurrence on low hummocks, although they could also be found in wetter habitats. With the exception of C. brunnescens, they ranged over the entire shade gradient but reached their maximum at 40% or greater. Carex brunnescens was not found in open habitats and is known to have a distinct preference for drier forested and thinly wooded areas (Wheeler et al. 1983) . Species in group 5 were only found in continental and oceanic areas and not in hyperoceanic regions. However, Ball (1990) indicated that the phytogeographic distribution of C. canescens included hyperoceanic coastal British Columbia, but Banner et al. (1988) , who surveyed the vegetation on many peatlands in that area, only found it in elongated wet depressions between beach ridges and not on bogs or fens. Group 5 was therefore labeled as having widespread, bog or fen, lawn, carpet and low hummock, shade-tolerant species.
Species in group 6 were found in all climatic regions, with the exception of colder continental areas. All the species in this group had relatively wide ranges along the height above the water table and pH gradients but reached their maximum abundance in carpet and lawn habitats and in poor fens. However, both S. cespitosus and R. alba may be consistently present or even dominate all other vegetation in spring-fen channels, where the pH is greater than 7.0 in the Hudson Bay Lowlands (Sjörs 1963) and Minnesota (Glaser et al. 1990) . Carex pauciflora was generally associated with carpets and lawns (Sjörs 1963; Vitt et al. 1975a ) but had been found on low hummocks (Wells 1981) . Species in this group were rarely found in heavily shaded habitats. Group 6 can thus be identified as having widespread subcontinental and oceanic, bog or fen, shade-intolerant species.
In light of the geographic interpretation of the climatic gradient (Fig. 13) , it is possible to reinterpret the regional distribution of groups 7 and 8. Group 7 was almost exclusively found in eastern North America, while group 8 was composed of species that were restricted to the Pacific Coast. Among the species in group 7, C. oligosperma and C. trisperma had the widest geographic distribution. Carex oligosperma had been found as far west as Great Bear Lake, Northwest Territories, while C. trisperma had been found in Saskatchewan (Scoggan 1978) . However, the southern portions of their ranges in North America only extended to Minnesota (Wheeler et al. 1983; Glaser 1992) . The geographic distribution of C. exilis (C. angustior, C. michauxiana, C. stricta, and Eriophorum tenellum) was mostly restricted to eastern warm temperate regions, as mapped by Ball (1990) for C. michauxiana. Although all species in this group were found on acidic peatlands (pH < 4.5), only C. trisperma was consistently found on bogs. The remaining species showed a preference for more minerotrophic habitats such as those found on poor fens, although their ranges also extended to rich fens. Carex exilis and C. stricta attained relatively high frequency of occurrence values on rich fens in the study area (Fig. 11 ) and in Minnesota (Glaser et al. 1990) .
Group 7 contained a subgroup that included C. exilis (C. angustior, C. michauxiana, C. stricta, and E. tenellum) and C. oligosperma, which were shade intolerant, and the latter species has been described as heliopholous by Wheeler et al. (1983) . A second subgroup composed of C. trisperma was shade tolerant and was found almost exclusively in shaded habitats (Wheeler et al. 1983) .
Species in group 7 occupied a wide range of habitats along the height above the water table gradient. Carex oligosperma and C. exilis were dominant in wet habitats as emergent or carpet species in areas that surround lakes in bogs and poor fens (Vitt and Slack 1975) or mud bottoms in oceanic sites (Glaser 1992) . The distribution of C. exilis on the different types of peatlands was limited by the necessity for wet habitats rather than pH (Santelmann 1991) . For example, C. exilis was found to be locally abundant in wet-fen channels that were classified as rich fens (Glaser et al. 1990) . Carex trisperma was mostly found on the highest hummocks, where it occasionally dominated the herbaceous layer (Wheeler et al. 1983; Anderson et al. 1996) . The remaining species were intermediate between those two extremes. As a result, group 7 species are labeled as eastern, subcontinental and oceanic, poor-fen preferential.
Species in group 8 were found relatively close to the water table in carpets, lawns, and low hummocks along the sides of bog pools, bog pool rivulet systems, and fens along streams (Banner et al. 1988) . They were shade intolerant, since they were found only in areas where shade is <40%. Although C. saxatilis was only found on peatlands in western hyperoceanic areas in the present study, it also occurs in Sphagnum bogs in the Arctic (Aiken et al. 1999) . It would appear that in more southerly habitats east of coastal British Columbia, C. saxatilis may not compete well with temperate species and may be reliant on water level fluctuations to eliminate competing vegetation. Those conditions are generally associated with shorelines rather than peatlands. Group 8 is thus composed of western oceanic, bog and poor-fen, shade-intolerant, lawn, carpet and low-hummock species.
Factors limiting the occurrence of the least common species in peatlands
Carex angustior, C. brunnescens, C. capitata, C. michauxiana, C. pluriflora, C. prairea, C. saxatilis, C. sitchensis, C. stricta, C. vaginata, E. gracile , and E. tenellum were the least common species found in this study (Table 4) . With the exception of C. capitata and E. gracile, all of those species had low maximum frequency of occurrence values along the height and pH and shade gradients. Low maximum frequency of occurrence values (<0.1) are indicative of species that do not occupy a large proportion of the habitats available to them. However, maximum frequency of occurrence values increased >0.7 along the height and pH gradients for three species, C. pluriflora, C. saxatilis, and C. sitchensis, when only quadrats or relevés that were located within each species climatic or geographic range were analyzed. Thus, the number of occurrences of C. capitata, C. pluriflora, C. saxatilis, C. sitchensis, and E. gracile was limited by the number of relevés or quadrats analyzed in each species' climatic range.
The remaining species had relatively low frequency of occurrence values (<0.25), even when quadrats or relevés that were not found within their climatic or geographic range were removed from the analysis. Therefore, factors other than the number of peatlands analyzed must be affecting their rarity in the study area. There are three possible causes for the low probabilities of occurrence for those species: (1) habitat factors other than those analyzed in the present study; (2) such life-history traits as dispersal, germination, or establishment (Vellend et al. 2000; Campbell et al. 2003) ; and (or) (3) competition with other vascular and bryophyte species.
